Tracking human movements and locomotion accurately in real time -e.g. for providing real walking in virtual environments -requires expensive tracking systems which need a lot of time to install. Furthermore, the costs typically increase with the size of the tracked space as these systems rely on external references. This poster presents an approach to significantly reduce costs for tracking human locomotion in large, potentially unlimited tracking spaces.
INTRODUCTION
Real walking for navigation in virtual environments (VEs) provides a compelling user experience and was shown to be more presenceenhancing than other navigation metaphors [5] . Such VR systems are typically composed of a head mounted display (HMD) to visualize the VE, a tracking system, and a computer with some software to render the VE. The tracking system tracks the user's viewpoint in the real environment and, if required, hands, feet, and other limbs as well. However, to keep the user immersed in the VE, such systems have high requirements in terms of accuracy, latency, range, resolution, etc. This significantly increases the cost and also the installation effort.
The recent availability of low-cost consumer HMDs has greatly reduced the cost for building VR systems. Hence, the major challenge remains designing a low-cost tracking solution which fulfills the requirements for VR applications. Therefore, within this poster, a new tracking approach is proposed which can avoid the shortcomings of existing systems.
Most of today's tracking systems require setting up a static reference system such as visual markers (fiducials) in a dedicated area where the tracking is performed (the tracking space). If a person is to be tracked at a new place, the tracking space must first be equipped again with the static reference system and calibrated. Furthermore, these systems do not scale well with the size of the track- * e-mail: zank@iwf.mavt. Ideally, a tracking system should allow for real-time 6-degreeof-freedom (6 DOF) tracking with high precision, low latency, and a high update rate independent of the tracking space's size. To achieve this and avoid expensive external references, relative tracking provides an alternative approach. With relative tracking, the tracking system and all references are attached to the tracked person. This way, the system is self-contained and can be deployed rapidly. As the tracking system only has to operate in a personsized volume, costs are reduced significantly because even lowcost tracking systems can provide a good precision and accuracy for such a small volume.
In order to infer the absolute movement of a person, the relative movement of body parts is used with regard to one initial starting point. Previously, this was done with inertial measurement units (IMUs) attached to a person's feet, see [1] . For every step, the measured acceleration is integrated to obtain the step length and direction which is added to the absolute position. However, inertial sensors suffer from drift, which increases quadratically over time. To reduce this drift error caused by sensor noise, IMU based tracking approaches require some static reference from time to time. Human locomotion allows for such a recalibration during the foot's stance phase. During this phase, the foot is not moving which implies that the velocity estimate of the sensor attached to the foot must be zero. However, other body parts cannot be tracked easily with IMUs only because no static reference is available or a large number of IMUs would have to be attached to the body. Sometimes magnetic sensors are employed to track at least the planar orientation of limbs or the head using earth's magnetic field. Hodgson et al. [3] developed such a VR system based on IMUs and magnetic sensors only. However, magnetic tracking based on earth's magnetic field is inaccurate and often not suitable for indoor use due to interferences.
Instead of using IMUs, a wearable electromagnetic tracker can be used for relative tracking. In [6, 2] , a user-worn electromagnetic position tracker is used for localizing a walking user. The approach presented in this poster is also based on relative positional tracking but allows for real-time, continous tracking of various body parts including the user's viewpoint.
SYSTEM

Hardware
The hardware setup is based on the Razer Hydra 1 electromagnetic tracker. This is a 6 DOF tracking system which is carried along by the user. It can determine the position and orientation of two sensors which are attached to the user's feet (on top of the feet tip), see Figure 1 Step tracker phases. The current base foot is shown as a blue line, the other foot as a red line. A dashed foot line symbolizes that the foot is not fixed but moving.
The foot sensors in Figure 1 (b) are modified and each has an additional Resense [4] IMU attached at the heel for detecting the stance phase similar to the setup used in [7] .
Tracking Principle
The tracking principle is shown in Figure 2 . Initially (phase 0), it can be assumed that a user is standing and both feet are fixed (stance phase). Therefore, any foot can be assigned to be the reference foot. The base allows linking the local coordinate system of the userworn tracking system with some global reference system. As soon as the user starts walking and lifts one foot (phase 1) the foot that remains fixed (in the stance phase) will be the reference. Hence, all other locally tracked points, e.g. the other foot, can also be tracked in the global reference system. Next, the reference should simply be switched when the other foot starts touching the floor. However, the stance phases of both feet do not overlap, see Figure 2 . As soon as the heel of the non-reference foot starts touching the ground -but is still moving -the reference foot's heel is lifted. Hence, for a short time interval both feet are not fixed. In order to guarantee tracking during this time period, the IMU of the current reference fooot is used to estimate the base's position as described in [1] . Finally (phase 3), as soon as the non-reference foot enters the stance phase, the reference is switched and the tracking continues as in phase 1.
Using this stance phase by stance phase update, the locomotion -including any locally tracked point -of a walking person can be tracked in an absolute reference system. The tracking that provides absolute movement data runs continuously in real time and not only on a step by step basis as the base switch is done transparently.
CONCLUSIONS AND FUTURE WORK
Within this poster a low-cost, self-contained tracking approach was presented which requires minimal installation or calibration effort. As shown in Figure 3 , the system delivers reliable results in a preliminary system evaluation. The system is capable of correctly tracking a moving user. While the self-carried magnetic position tracker itself is drift-free, the presented tracking approach still accumulates errors over time as for all relative tracking approaches, i.e. the accuracy of the absolute position estimate degrades. However, this error only occurs at the base switch and is bounded by the measurement error of the position tracker. Thus, it does not increase quadratically as IMU tracking systems do. Hence, the error is not critical for virtual reality or human computer interaction applications as high precision and low latency is most important but not accuracy. If a higher accuracy is required, or for compensating the accumulated error, some fixed reference points might be installed. However, the effort for doing so is significantly smaller compared to existing absolute tracking systems Future work will focus on determining the absolute tracking error as a function of time. For doing so, we will compare the tracking results with those stemming from the absolute measuring system Intersense IS1200.
